This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. cathode in a Zn-MnO 2 battery using lithium hydroxide (LiOH) as an electrolyte is investigated using microscopy and spectroscopic techniques. The results showed that such additions greatly improve the discharge capacity of the battery (from 155 to 190 mAh/g) but only from the second discharge cycle onwards. Capacity fade with subsequent cycling is also greatly reduced. With an aim to understand the role of CeO 2 on the discharge-charge characteristics of MnO 2 and its mechanism, we have used a range of microscopy, spectroscopy and diffraction-based techniques to study the process. The CeO 2 is not modified by multiple discharge and charged cycles. The CeO 2 may enhance the discharge-charge performance of the battery by raising the oxygen evolution potential during charging but does not take part directly in the redox reaction.
Introduction
Since its invention in 1865, the manganese dioxide (MnO 2 ) battery has continuously been improved starting with the earliest zinc-manganese dry battery, then Zn-MnO 2 primary battery and culminating with the current commercially available alkaline Zinc-MnO 2 battery [1] . This battery type is still in high demand in the consumer market because it is mercury-free, provides high rate capability and the cost is significantly lower than for the dominant rechargeable lithium-ion battery [2, 3] . The primary reasons for using MnO 2 as a cathode material are its low cost, low toxicity and high availability compared with competing battery materials such as Co and Ni [4] . Also, from a thermodynamical point of view, MnO 2 is the most stable form of tetravalent Mn [5] to retain oxygen at standard temperature and oxygen pressure, whereas Co and Ni are thermally unstable [6] . Therefore, MnO 2 based cathodes are attractive for energy storage applications ranging from alkaline to lithium battery and even to supercapacitors [7] [8] .
In the Zn-MnO 2 battery, the good discharge performance of MnO 2 has motivated researchers to make these batteries rechargeable [9] [10] . This would lead more sustainable use of available manganese resources. Among the various polymorphs of MnO 2 [11] [12] , γ-MnO 2 of the type IBA-32 (International Battery Association) is used in our aqueous Zn-MnO 2 system. Recently, we showed that lithium intercalation can occur in a Zn-MnO 2 battery using aqueous LiOH electrolytes [13] . Further to this, in an attempt to improve the overall performance of this aqueous rechargeable cell we have investigated various additives like TiS 2 [14] , TiB 2 [15] and Bi 2 O 3 [16] made to the MnO 2 cathode. These additives significantly improve the discharge performance of MnO 2 battery by stabilizing the MnO 2 crystal lattice. This enhances the amount of lithium intercalated into the host MnO 2 structure.
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In this paper we report on cerium oxide (CeO 2 ) modified MnO 2 cathodes that offer an improved discharge capacity. Somewhat surprisingly, this improvement is only evident following the first charging cycle. Cerium oxide is one of the most reactive rare earth metal oxides, and is commonly used as a promoter or support in industrial catalytic processes due to its oxygen storage capacity [17] [18] [19] . Cerium oxide also has a good electrical conductivity and diffusivity at ambient temperature [20] . To the best of our knowledge, there has been no work performed on CeO 2 additions to MnO 2 for battery applications. Very recently we carried out an electrochemical characterization into the influence of variable wt % of CeO 2 addition [21] and found increasing the additive level beyond 2 wt % causes a decrease in cell capacity on long term cycling. Hence, in this paper, we have confined our results only to 2 wt% addition. The objective of this work is (a) to understand the role of CeO 2 we compare the electrochemical results with those of the previously published pure MnO 2 (no additive) [22] and (b) to examine the electrode reactions of the discharged-charged cathode using transmission electron microscopy (TEM), X-ray diffraction (XRD) and infra-red spectroscopy (IR).
Experimental
The EMD (electrolytic manganese dioxide; γ-MnO 2 ) type (IBA sample 32) material used in this work was purchased from the Kerr McGee Chemical 
Results and Discussion
The multiple galvanostatic discharge-charge curves of 2 wt% cerium oxide/MnO 2 cathode with zinc as anode are shown in figure 1. The cell was discharged and charged at a constant current density of 0.5 mA. cm -2 with lower and upper cut-off voltages of 1.0 and 1.9 respectively. The first discharge capacity of the CeO 2 modified cell was 155 mAh/g while 148 mAh/g [14] was obtained from the unmodified cell (no additives). This shows that the effect of cerium oxide on the first discharge cycle is negligible. However, on the second discharge cycle of the CeO 2 modified cell, the utilization of the material was 18% higher with the capacity increased to 190 mAh/g. After multiple discharge cycles (5 th cycle) the discharge capacity of this cell was still higher (183 mAh/g) than the unmodified cell. Figure 2 compares the cyclabilities of the CeO 2 modified and unmodified cell. The CeO 2 addition improved the cell discharge capacity but only from the second cycle. The role of cerium oxide as an additive was initially unclear because if it takes part in the reduction/oxidation processes then the first discharge capacity should be higher but that is not observed in Figs. 1 and 2. Hence, in order to elucidate the role of CeO 2 the nature of the cathode material before and after discharge and charge was characterised.
The TEM image of the CeO 2 modified MnO 2 before discharge is shown in Fig. 3 . The bright field image showed the MnO 2 to be crystalline and defective. The selected area diffraction (SADP) on this area (Fig. 3a inset) showed the lowest index MnO 2 reflections to be quite diffuse, supporting this. The measured d-spacings were in good agreement with those of reported for MnO 2 ramsdellite structure [23] . Fig. 3b shows a region of MnO 2 containing CeO 2 particles. These were distinct from the MnO 2 particles in that they were more angular (Fig. 3b) and showed very strong A c c e p t e d M a n u s c r i p t [25] . Bright field imaging ( Fig. 5a ) of the CeO 2 modified material after the first discharge cycle showed the presence of spherical carbon (from acetylene black) and angular MnO 2 particles.
Some organic regions were rich in fluorine from the PVDF as binder. Phase identification was confirmed with x-ray microanalysis -not shown. The corresponding diffraction pattern (Fig. 5a inset) shows streaking indicating lamellar structures with short range order. The dark field image of the MnO 2 shows the lamellar structure (Fig. 5b) which could be related to MnOOH phase [26] . Bright field imaging (Fig. 5c ) showed angular CeO 2 particles were still present and appeared unchanged after the discharge cycle. The particles were 100-500 nm in diameter and were single crystal. Selected area diffraction of the CeO 2 confirmed it was unchanged by the discharge cycle. The EELS analysis of the discharged CeO 2 modified sample also suggested that the CeO 2 particles were unchanged by the discharge process. The characteristic edge shape (Fig. 4b ) was identical to that found in the material prior to discharge (Fig. 4a) .
M a n u s c r i p t
The CeO 2 modified MnO 2 particles after the first charge cycle were similar to those in the discharged state (Fig. 5a ). Some elongated Zn and O-rich crystals were found (X in Fig. 6a ). The MnO 2 was highly defective (Fig. 6b ) and selected area diffraction (not shown) yielded spacings consistent with MnO 2 . As before, streaking was present. Bright field imaging of the CeO 2 particles (Fig. 7a) showed them to be highly crystalline. Selected area diffraction (Fig. 7b inset) Figs. 8a-c show x-ray diffraction patterns of the CeO 2 modified cathode before and after discharge, and after charging respectively. The before discharge material (Fig. 8a) shows the characteristic peaks of MnO 2 and CeO 2 as quoted in the JCPDS database [23] [24] . The discharged cathode (Fig. 8b) [23] [24] 28] . This shows that during discharge manganese is, in part, reduced to various oxyhydroxides and lithium is also intercalated into the MnO 2 structure to form Li x MnO 2 . The XRD pattern for the charged cathode material (Fig. 8c) was also similar to that of the starting material except a few minor reflections were present identified as being due Infrared spectroscopy has been used to provide further insight into the influence of CeO 2 modified MnO 2 cathode. It is reported that fundamental vibrations of MnO 2 are generated in the far infrared region while those at mid infrared are due to hydrous components of the manganese oxides [29] . The region of interest in this work is the mid infrared, for the samples before and after discharge. These are compared in are seen. The strong peak at 1123 cm -1 demonstrates the existence of γ-OH bonding [30] and the broad peak around 2600 cm -1 region (not shown here) is the OH stretching related to the hydrogen bonding [29] [30] [31] corresponding to the MnOOH structure. This confirms the behaviour observed through TEM and XRD analysis, namely that manganese oxyhydroxides are formed during discharge. A small vibrational peak at 1432 cm -1 in the discharged sample could be related to manganese (II) oxides [29] . The mid infrared spectra of the second charge (Fig. 9c ) and second discharge cycle (Fig. 9d) were very similar. In contrast to Figs 9a-b, the absorption peaks at 1123 and 1432 cm -1 region were much lower in. These results indicate that manganese oxyhydroxides and oxides are formed only during the first discharge cycle. These unwanted products are shown to be suppressed during charging and further discharging in the presence of CeO 2 . This addition clearly enhances the discharge capacity during subsequent cycling.
Conclusions
The electrochemical performance of CeO 2 modified MnO 2 cathode in an aqueous rechargeable battery has been investigated using microscopy and spectroscopic techniques. The CeO 2 additive enhanced the performance of the battery, M a n u s c r i p t M a n u s c r i p t M a n u s c r i p t M a n u s c r i p t 
